stimulates glutamine release at the expense of tissue glutamate while decreasing or having little effect on alanine release (Ruderman & Lund, 1972; Chang & Goldberg, 1978) . In the perfused rat hindlimb total glutamine production by resting muscle is over 4-fold greater than ammonia production, but the addition of methionine sulphoximine (a glutamine synthetase inhibitor) reverses this pattern (Goodman & Lowenstein, 1977) . However, during muscular contraction, when ammonia production increases markedly, there is no change in muscle glutamine production, either during contraction or the recovery phase (Goodman & Lowenstein, 1977; Meyer & Terjung, 1979) . In resting muscle the purine nucleotide cycle may turn over at a low rate so as to effect amino acid deamination, and ammonia so-generated is largely removed by glutamine formation. During contraction, the fall in intracellular ATP concentration (and in that of glutamate due to transamination to form alanine) will inhibit glutamine synthetase and prevent glutamine production.
Muscle alanine and glutamine synthesis during starvation
It has been argued elsewhere that for muscle alanine (via hepatic gluconeogenesis) and glutamine (via renal gluconeogenesis) to contribute to the net body glucose requirement in gluconeogenic situations such as starvation, diabetes etc. the carbon for their synthesis in muscle must originate from other amino acids (Snell, 1979 (Snell, , 1980 , 1978) . In any case it is not clear by what pathway the total carbon for glutamate (for glutamine synthesis) could be provided from other amino acids without invoking additional tricarboxylic acid-cycle inputs, such as acetyl-CoA. The supply of glutamine from muscle is clearly governed by considerations not entirely dictated by the gluconeogenic requirements of the animal, and may be under renal control in relation to acid-base regulation (see Goldstein et al., 1980). The proposed pathway for alanine formation de novo in muscle is shown in Fig. 2(b) . The branched-chain amino acids, which are the major amino acid donors for alanine synthesis (see Snell, 1980) , are oxidized to succinoyl-CoA, which after entering the tricarboxylic acid cycle can produce pyruvate for alanine synthesis by routes involving (a) phosphoenolpyruvate carboxykinase and pyruvate kinase, (b) NAD(P)-linked malate dehydrogenase (decarboxylating) or (c) 'oxaloacetate decarboxylase'. 'Oxaloacetate decarboxylase' activity is undetectable in either mitochondria1 (Wojtczak & Walajtys, 1974) (Fig. 20) . Inhibition of phosphoenolpyruvate carboxykinase activity by 1 mM-mercaptopicolinate in diaphragm (by 74%) and in extensor digitorum longus (by 94%) muscles decreased the valine-stimulated increase in alanine production by the muscles from starved rats in vitro by 60 and 50% respectively (Snell & Duff, 1977; D. A. Duff & K. Snell, unpublished work) . Taken together these data implicate the route of alanine synthesis de novo via phosphoenolpyruvate carboxykinase in skeletal muscle. Alanine synthesized in this manner would constitute a true gluconeogenic substrate in terms of whole-body glucose homoeostasis rather than simply a recycled carbon precursor (such as lactate). Several routes have been suggested for the catabolism of glycine (Meister, 1965) , but now the most prominent pathway of glycine catabolism in various vertebrates has been shown to be the direct cleavage of glycine to form methylenetetrahydrofolate, CO, and ammonia, followed by the further oxidation of methylenetetrahydrofolate to CO,, possibly by the sequential action of methylenetetrahydrofolate dehydrogenase, cyclohydrolase and 10-formyltetrahydrofolate-NADP+ oxidoreductase (Yoshida & Kikuchi, 1970; Kikuchi, 1973) .
The glycine-cleavage system, or so-called glycine synthase (EC 2.1.2.10), consists of four protein components, which have tentatively been named P-protein (a pyridoxal phosphatecontaining protein), H-protein (a lipoic acid-containing protein, initially called hydrogen-carrier protein), T-protein (a protein catalysing the tetrahydrofolate-dependent step of the reaction) and L-protein (a lipoamide dehydrogenase). The glycinecleavage system in animals is confined to mitochondria possibly as an enzyme complex that is loosely bound to the mitochondrial innermembrane. The reaction is completely reversible, and in both glycine cleavage and glycine synthesis an aminomethyl moiety bound to the lipoic acid of H-protein represents an intermediate that is subsequently degraded to, or can be formed from, methylenetetrahydrofolate and ammonia by the action of T-protein (Motokawa & Kikuchi, 1974; Kochi & Kikuchi, 1976) . A tentative scheme for the overall reaction of the reversible glycine cleavage is shown in Fig. 1 .
One of the most characteristic properties of the glycinecleavage reaction is that, although P-protein should belong to a class of pyridoxal phosphate-dependent amino acid decarboxylases, P-protein requires H-protein to catalyse the decarboxylation of glycine significantly. Moreover, P-protein alone is able, though slightly, to catalyse the exchange of glycine carboxyl carbon with CO,, and the exchange activity catalysed by P-protein is greatly increased when H-protein is also present. The suspected intimate functional association of P-protein and H-protein was studied by using P-protein and H-protein preparations that had been purified to apparent homogeneity from chicken liver mitochondria. The purified P-protein had a mol.wt. of 200000 and consisted of two identical subunits with a mol.wt. of 100000 containing one molecule of pyridoxal phosphate per subunit (Kikuchi & Hiraga, 1979) . The purified H-protein had a mol.wt. of about 14500 and contained one molecule of lipoic acid per molecule (Fujiwara et al., 1979) . The studies with the purified enzyme preparations suggested that H-protein brings about a conformational change of P-protein that may be relevant to the expression of the decarboxylase activity of P-protein (Kikuchi & Hiraga, 1979) . For instance, H-protein caused a significant change of the absorption spectrum of P-protein, and a titration experiment indicated that one molecule of H-protein binds to each subunit of P-protein.
H-protein also acted to lower the dissociation constant for methylamine from 63 to 2 7 m w as estimated by the degree of spectral change of P-protein caused by the addition of methylamine; the K, value for 2 7 m~ is practically equal to the K, value for methylamine obtained in the glycine-CO, exchange reaction in the presence of both P-protein and H-protein.
Also, P-protein and H-protein formed a fairly stable complex that could be demonstrated by gel filtration and by sucrosedensity-gradient centrifugation. H-protein seems to play a dual role in the glycine decarboxylation: the one as a modulating protein of P-protein, and the other as an electron-pulling agent and concomitantly as a carrier of the aminomethyl moiety derived from glycine by decarboxylation.
In animals, serine catabolism also appears to proceed mainly by way of cleavage of serine to methylenetetrahydrofolate and glycine, followed by the subsequent degradation of glycine by the glycine-cleavage reaction. With all animal species tested, both the mitochondria1 and soluble fractions of the liver contained considerable activities of serine hydroxymethyltransferase, methylenetetrahydrofolate dehydrogenase and methylenetetrahydrofolate cyclohydrolase, whereas the activity of serine dehydratase was relatively low and in some species was hardly detectable (Yoshida & Kikuchi, 1972) . In ureotelic and ammoniotelic animal livers methylenetatrahydrofolate derived from the P-carbon of serine as well as the n-carbon of glycine is further oxidized to CO, in either the soluble fraction or the mitochondria, but in uricotelic animal livers methylenetetrahydrofolate seems to be utilized mainly for purine synthesis (Yoshida & Kikuchi, 1971) .
Studies of the distribution of the enzymes related to glycine and serine catabolism in various organs of the rat revealed that the soluble tissue fractions of liver, kidney, spleen, testis, brain, heart, lung, skeletal muscle and intestine contained significant activities of serine hydroxymethyltransferase and methylenetetrahydrofolate dehydrogenase, but the distribution of serine dehydratase was very limited; only the liver and kidney showed significant activities, and the activity in the kidney was very low (Yoshida & Kikuchi, 1973) . The glycine-cleavage activity was significantly high in the liver, kidney, brain and testis, whereas the activities in other organs were very low (Yoshida & Kikuchi, 1973) . It is noteworthy that a patient with congenital hyperglycinaemia had normal activities of serine hydroxymethyltransferase and serine dehydratase in the liver and that the concentration of serine in blood was in a normal range, whereas the glycine concentration in blood was greatly elevated (Yoshida et al., 1969) . Recently we had an opportunity to examine in more detail the liver and brain specimens from a non-ketotic hyperglycinaemia patient and found that the primary lesion in the glycine-cleavage system in this patient was an anomaly of H-protein in that the purified H-protein was apparently devoid of lipoic acid (G. Kikuchi, K. Hiraga, H. Kochi & K. Hayasaka, unpublished work). Nevertheless the H-protein from the patient definitely stimulated glycine decarboxylation as well as the glycine-CO, exchange reaction catalysed by the purified chicken liver P-protein, although the specific activity of the purified H-protein in stimulating the P-protein-catalysed glycine-CO, exchange was only about 5% of that of the HVol. 8 protein purified from a control human liver. The observed very low but distinct activity of the H-protein from the patient could be accounted for by its modulating effect on P-protein, thus enabling the glycine-cleavage reaction to proceed to a certain degree even in the hyperglycinaemic condition.
Serine is known to be a gluconeogenic amino acid. Two possible routes of gluconeogenesis have been suggested: one through the formation of pyruvate by serine dehydratase, and the other via hydroxypyruvate formed by the activity of serine-pyruvate aminotransferase (Lardy et al., 1970) . The relative contributions of these two routes may differ considerably according t o animal species with different activities of the enzymes concerned. We have observed with liver slices that the amounts of radioactivity incorporated into glucose from either [3-I4C1-or in chicken liver were nearly equal, and the values were about twice the values obtained with rat liver slices under comparable experimental conditions, whereas the activity of serine dehydratase in chicken liver has been shown to be about one-hundredth of that in rat liver. Chicken liver contained considerable serine-pyruvate aminotransferase activity, which could account for the substantial gluconeogenesis from serine observed i~ this species
